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The high rate of black hole (BH) mergers detected by LIGO/Virgo opened questions on their
astrophysical origin. One possibility is the dynamical channel, in which binary formation and
hardening is catalyzed by dynamical encounters in globular clusters (GCs). Previous studies have
shown that the BH merger rate from the present day GC density in the Universe is lower than the
observed rate. In this Letter, we study the BH merger rate by accounting for the first time for the
evolution of GCs within their host galaxies. The mass in GCs was initially ∼ 8× higher, which
decreased to its present value due to evaporation and tidal disruption. Many BH binaries that were
ejected long before their merger, originated in GCs that no longer exist. We find that the comoving
merger rate in the dynamical channel from GCs varies between 18 to 35 Gpc−3 yr−1 between redshift
z = 0.5 to 2, and the total rate is 1, 5, 24 events per day within z = 0.5, 1, and 2, respectively.
The cosmic evolution and disruption of GCs systematically increases the present-day merger rate
by a factor ∼ 2 relative to isolated clusters. Gravitational wave detector networks offer an unique
observational probe of the initial number of GC populations and their subsequent evolution across
cosmic time.
Introduction.— The LIGO-Virgo Collaboration1 has
recently detected gravitational waves (GWs) from five bi-
nary black hole (BH) mergers, opening an entirely new
window into high-energy physics [1, 2]. The astrophys-
ical origin of these mergers is among the most puzzling
open questions of our time. Possibilities include isolated
binary evolution through a common envelope phase [3]
or through chemically homogeneous evolution in short-
period stellar binaries [4, 5], triple systems [6–9], gas-
assisted mergers [10–12], and dynamically assembled bi-
naries in dense stellar systems such as globular clusters
(GCs) [13–16] or galactic nuclei [17–21].
In contrast to most other channels, the dynamical for-
mation channel is theoretically well-understood, as it is
determined by N -body gravitational interactions. In
dense systems, chance multibody close encounters lead
inexorably to the formation of BH binaries [22]. Further
scattering encounters decrease the BH binary separation.
In at least 50% of merging systems, the binary is ejected
from the GC [23, 24], and the binary merges due to GW
emission after several Gyr of its ejection [15, 25].
Previous studies of dynamically formed mergers in
GCs have shown that the expected BH merger rate is
∼ 5 Gpc−3 yr−1 [15, 25, 26], which is lower than the
observed rate of R = 40–240 Gpc−3 yr−1 reported by
LIGO/Virgo, corresponding to a power-law mass func-
tion prior, and R = 12–65 Gpc−3 yr−1 for a log-uniform
mass function [27]. The expected rates are sufficiently
high that this contribution may be measured and distin-
guished from other channels statistically using the mass,
spin, eccentricity, and redshift distribution [23, 24, 28–
30]. In these studies the rates were estimated using the
1 https://www.ligo.caltech.edu/
observed present-day GC density in the Universe and the
GCs were evolved in isolation.
In this Letter, we point out the importance of includ-
ing GC evolution within their host galaxies for studying
the dynamically formed BH mergers. The initial mass
in GCs is expected to have been a factor ∼ 8× higher
than today [31, 32], since many GCs have evaporated and
were tidally disrupted during interactions with the host
galaxy. This expectation is confirmed by the observed
radial and mass distribution of GCs in the Galaxy [31],
and the observed high-energy emission from the Galac-
tic bulge. The so-called Fermi-excess may have been
produced by a population of millisecond pulsars that
were formed in long-disrupted GCs [32–35]. Does the
increased initial GC mass increase the BH merger rate
significantly? We determine the BH merger rate by ac-
counting for the evolution and disruption of GCs in their
host galaxies. We predict the redshift evolution of the
merger rate, which may be measured with upcoming GW
detectors. This may offer an observational probe to dis-
tinguish mergers of the dynamical GC channel from other
astrophysical channels. If so, future GW measurements
of the merger rate distribution offers an observational
probe of the initial number of GC populations and their
evolution.
GC evolution.— We follow Ref. [31] to evolve the ini-
tial GC population in their host galaxies using a semi-
analytical method. The GC formation rate is assumed
to be a fixed fraction fGC,i = 0.011 of the total galac-
tic star formation rate assuming that clusters formed at
z = 3 [31, 32]. We draw the initial mass of the clus-
ters from a power-law distribution dN/dM ∝M−2 from
104 M ≤M ≤ 107 M.
After their formation, GCs lose mass via three mecha-
nisms, i.e. dynamical ejection of stars through two-body
relaxation, removing stars by the galactic tidal field and
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2stellar winds [36–38]. We evolve the cluster mass loss due
to isolated evaporation due to two-body relaxation and
stripping by the galactic tidal field according to
dM
dt
= − M
min(tiso, ttid)
, (1)
where [39]
tiso(M) ≈ 8.5M5 Gyr , (2)
ttid(r,M) ≈ 2.07M2/35
r
kpc
(
Vc(r)
200km s−1
)−1
Gyr (3)
and where M5 = M/10
5 M and ttid takes into account
the strength of the local galactic field through the circular
velocity Vc(r) at a distance r from the galactic center.
While in case of strong tidal field (ttid < tiso) the stars
loss is dominated by the galactic tidal stripping, in the
limit of a weak tidal field (ttid > tiso), the evaporation of
stars is mostly controlled by internal dynamics.
In proximity to the galactic center, the clusters may be
torn apart due to the strong tidal forces. We assume that
the cluster is disrupted when the average stellar density
at half-mass radius falls below the mean galactic density
ρh < ρ∗(r) =
V 2c (r)
2piGr2
. (4)
We adopt the average density at the half-mass radius
ρh = 10
3Mpc−3 min
[
102,max(1, 0.25M25 )
]
. (5)
This equation limits ρh to 10
5 M pc−3 in the most mas-
sive clusters, consistent with observations [31]. We note
that ρ∗(r) in Eq. (4) takes into account both the adopted
field stellar mass, as well as the growing mass of the galac-
tic bulge, that begins to build up as clusters are disrupted
in the innermost galactic regions.
For what concerns the cluster orbit, following Ref. [31]
for simplicity we evaluate the cluster at an instantaneous
radial distance r from the host galaxy center which rep-
resents the time-averaged radius2 of the true (probably
eccentric) cluster orbit [31]. We evolve the cluster orbits
by evolving r according to dynamical friction as[40]
dr2
dt
= − r
2
tdf
, (6)
where
tdf(r,M) ≈ 90M−15
(
r
kpc
)2(
Vc(r)
200km s−1
)
Gyr . (7)
2 We include the effect of the deviation from circular orbit by in-
cluding an eccentricity correction factor fe = 0.5 in the dynam-
ical friction equation as in Ref. [31].
We describe the Milky Way’s potential with a central
4 × 106 M black hole, a Sersic profile with total mass
5× 1010 M and effective radius 4 kpc, and a dark mat-
ter halo (1012 M with rs = 20 kpc). Throughout the
simulation, we constantly update the galactic mass dis-
tribution to include the stellar and gaseous debris from
the disrupted clusters [31].
These initial conditions lead to the observed spatial
and mass distribution of GCs surviving until z = 0 in
our Galaxy [31, 32].
Rate of black hole mergers.— We calculate the rate of
mergers from the convolution of the Pej,M ejection prob-
ability at comoving time tej and the conditional merger
probability among ejected binaries Pmerg|ej,M within in-
spiral time ∆t following ejection in a cluster of mass M
as
PM (t) =
∫ t
0
Pej,M (tej)Pmerg|ej,M (t− tej)dtej . (8)
We fit the cumulative probability of BH-BH ejections
from Morscher et al. [42] as
Cej,M (t) = fBH,ej,Mfbin,ej,M
(
t
tH
)0.4
, (9)
where fBH,ej,M ≈ 0.5 is the fraction of ejected BHs
among all BHs in the cluster, and fbin,ej,M ≈ 0.25 is
the fraction of BHs in ejected binaries relative to the
number of all ejected BHs in a Hubble time tH
3. We
adopt the results of Monte-Carlo simulations by Ro-
driguez et al. [25] for the cumulative conditional prob-
ability distribution of the inspiral times of BH merg-
ers Cmerg|ej,M (∆t) =
∫∆t
0
Pmerg|ej,M (t′)dt′ (see Figure 1
therein). We find that this function is fitted by
CM (t) = c1 erf[(lnx)/c2)] + c0 , (10)
where c1 = 0.497235, c0 = 0.517967, c2 = 5.69292 and
x =
t
7.6 Gyr
(
M
106 M
)4
. (11)
This functional dependence follows from the conditions of
binary ejection and the subsequent GW-driven evolution
[25]. Note that the timescale for a fixed fraction of BHs
to merge within a GC is proportional to M−4.
We compute the comoving merger rate density from
the evolving population of globular clusters as a function
of redshift by summing over the merger rate ΓBH(z) over
all GCs in a simulation in a Milky Way type galaxy,
R(z) = ρGC
NGC(0)
NGC(z)∑
i=1
ΓBH(Mi, z) , (12)
3 There may be significant (∼ 30%) variations around these typical
values depending on core radius [42].
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FIG. 1: The comoving BH merger rate density as a function of redshift z (left) and the total number of sources
that merge per unit observer time up to a maximum redshift z (right). The black solid and red-dashed lines rep-
resent upper and lower limits on the expected rate from evolving GCs assuming respectively that merging bina-
ries are all ejected before the cluster may be disrupted or that they merge within the cluster (see text). Blue dash-
dotted line represents the result of Ref. [25] for isolated clusters. The merger rates are higher for evolving clusters
that lost mass due to evaporation and tidal stripping, since they were initially more massive and more numerous to
match the present day observed GC distribution. The shaded regions represent the model uncertainty by assum-
ing ρGC in the range 0.32–2.31 Mpc
−3 [14, 25, 41], the lines represent ρGC = 0.77 Mpc−3. The lower boundary of
our model (red-shadowed region) is computed by scaling ρGC for the red-dashed curve, while the upper boundary is
calculated similarly using the black-solid curve. The shaded blue region coresponds to Ref. [25].
where Mi is the initial mass of the i-th cluster, NGC(z)
is the number of GCs at redshift z per Milky Way type
galaxy taken from the simulation [31] 4 and ρGC =
0.77 Mpc−3 is the comoving number density of globular
clusters [14].5 In equation (12), the comoving rate of
BH-BH mergers per GC of mass M is obtained from the
probability of BH-BH mergers as
ΓBH(M, t) =
1
2
fBHMPM (t) , (13)
where fBH is the number of BHs per unit mass in a GC
fBH =
∫mmax
mcrit
fIMF(m)dm∫mmax
mmin
mfIMF(m)dm
(14)
and fIMF(m) is the stellar initial mass function [38]
fIMF(m) = k
{
(m/0.5 M)−1.3 mmin ≤ m ≤ 0.5 M,
(m/0.5 M)−2.3 0.5 M ≤ m ≤ mmax,
(15)
where mmin = 0.08 M, mmax = 150 M, and mcrit =
20 M is the critical mass above which BHs form. In
4 In this estimate we neglect the fact that NGC(z) may depend on
galaxy type and galaxy mass.
5 This value of ρGC was used in Ref. [25] with which we compare
our results. Previous work [41] found a factor 3.4 higher ρGC.
reality there may be a transitional mass range allowing
either NSs or BHs to form below 20 M [43] and the
effective mcrit may also depend on metallicity [44] or the
host cluster [45]. A lower effective value, e.g. mcrit =
17 M, would produce 25% more BHs and imply a higher
merger rate, and vice versa for a higher mcrit. Further,
the details of the BH ejections due to kick-velocities at
birth [46], and the relative retention fraction, may affect
the compactness of the host GC [47]. These factors, as
well as primordial binaries, may have some effect on the
results presented in this paper and deserve further study.
We convert time from the initial redshift zin = 3 to z to
use in Eqs. (12) and (13) using the cosmological relation
[48].
Dynamically formed BH binaries merge both within
the host GC and far outside of it after ejection. Recently
it was pointed out that accounting for GW losses during
the dynamical evolution of GCs increases the fraction of
mergers within the host GC significantly to 50% [23, 24].
This affects the merger rate given by equation (12). For
mergers that happen inside the GCs at redshift zmerger,
only the existing GCs (NGC(zmerger)) at that redshift
contribute to the rate. However, for BHs that merge
after their ejection from the host cluster (Eq. 9), all clus-
ters (NGC(zejection)) must be included at the point of
ejection, zejection. The latter assumption implies a higher
NGC, thus producing a higher rate of mergers. For a
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FIG. 2: The comoving BH merger rate density as a function of redshift z subdivided in the different contributions
by GCs of different initial masses (left) and different initial position in the host galaxy (right).
robust estimate, we calculate the BH merger rate as a
function of redshift from the probability distribution of
mergers (Eq. 12) in two limiting cases: either extending
the sum over all GCs6 or up to NGC(z), respectively. The
true merger rate must be between these bounds.
Apart from the rate density, it is useful to calculate
the total merger rate in the Universe within redshift z:
C(z) =
∫ z
0
dVc
dz′
R(z′)
1 + z′
dz′ , (16)
where dVc/dz
′ is the comoving volume at redshift z′ and
the 1/(1 + z′) factor accounts for the observed redshifted
time at Earth compared to the source’s comoving time.
Results.— Figure 1 shows the BH merger rate from
the evolving population of GCs in the Universe as a func-
tion of redshift. The left panel shows the comoving BH
merger rate density R. The red dashed and black solid
lines provide the lower and upper limits assuming merg-
ers inside surviving clusters at redshift z and ejected
mergers from all clusters as specified above. The black
line represents the case where most ejections leading to
mergers happen early, well before possible GC disrup-
tions. The blue curve shows the previous result [25] for
isolated GCs for comparison. The difference between our
upper and lower bounds are relatively small (factor . 2
at z ∼ 0 and smaller at higher z), since the rate is domi-
nated by the initially more massive clusters that survive
until today. The merger rate is a factor of ∼ 2 larger for
the evolving GC population than for the case of isolated
clusters computed in Ref. [25] at z . 1. This increased
merger rate is a result of the originally more massive clus-
ters in comparison to isolated clusters due to tidal strip-
ping (see Eqs. 10–11). The right panel of Fig. 1 shows
6 this corresponds to NGC(z = 3) in the adopted model [31]
C(z), the total rate of mergers within redshift z. The
shaded regions represent model uncertainty by assuming
ρGC in the range 0.32–2.31 Mpc
−3 [14, 25, 41].
Figure 2 presents the comoving BH merger rate den-
sity as a function of redshift for different intervals of ini-
tial GC masses (left panel) and position in the galaxy
(right panel). Although the most abundant, low-mass
clusters (104 M < MGC < 105 M) contribute to a
negligible fraction to the total rate as they are inef-
ficient at merging (see Eqs. 10–11) and because they
dissolve. The largest contribution near the formation
epoch of GCs comes from the most massive population
(106 M < MGC < 107 M), whose contribution is ∼ 6-7
times that of 105 M < MGC < 106 M. In terms of the
radial distribution of mergers (right panel), the rate is
dominated by clusters in the inner galaxy (r < 5 kpc),
apart from small redshifts (z . 0.3). Roughly 25% of the
rate comes from GCs in the outer halo (r > 10 kpc).
Discussion— In this Letter, we have determined the
BH merger rate from dynamically formed binaries pro-
duced in GCs that coevolve with their host galaxies in the
Universe. At redshift z = 0, we have found a rate ∼ 4–
60 Gpc−3 yr−1, within the uncertainties of our model.
We found that the expected merger rate ranges between
R ∼ 18 Gpc−3 yr−1 to ∼ 35 Gpc−3 yr−1 for redshift be-
tween z = 0.5 to 2, and the total rate is 1, 5, 24 events
per day within z = 0.5, 1, and 2, respectively. This
corresponds to a factor ∼ 3 to a ∼ 2 higher rate from
z = 0.5 to z = 2 with respect to the case neglecting the
evolution of GCs in their host galaxies. If a significant
fraction of mergers from GCs is from ejected binaries,
the rate at low redshift z < 0.1 is ∼ 10 Gpc−3 yr−1, a
factor of ∼2 higher than previous estimates. For compar-
ison, the current observational limit on the BH merger
rate in the local Universe is R = 12–65 Gpc−3 yr−1, as-
5suming a log-uniform mass distribution, and R = 40–
240 Gpc−3 yr−1 for a power-law BH mass distribution
with dN/dm ∝ m−2.35.
This result highlights the need for more detailed sim-
ulations of GCs tracking their evolution with their host
galaxies. Our results were derived by scaling to Milky-
Way type hosts. Future work is needed to study the dis-
crepancy between the rates of evolving GC populations
and isolated GCs for different host galaxies, whose GC
population correlates with the dark matter masses [49].
Furthermore, the possible presence of an intermediate-
mass black hole (IMBH) may significantly change the
evolution of GCs and the distribution of merger rates
[50, 51].
At design sensitivity, LIGO–Virgo is expected to ob-
serve BH mergers up to z ∼ 1 [52]. Assuming that
the LIGO–Virgo observational completeness is 1–10%
(i.e. the fraction of all mergers that LIGO–Virgo de-
tects within this volume), our results suggest that one
detection per day to ∼ 1 per week is expected from the
dynamical channel. Recently, Fishbach et al. [53] sug-
gested that with ∼ 100 − 300 LIGO–Virgo detections it
will be possible to distinguish among different models of
the merger rate evolution within the coming 2-5 years.
Indeed, the redshift evolution of merger rate from the
dynamical channel shown in Figure 1 is distinct from
other formation channels as it increases from z = 0 until
the epoch of globular cluster formation with a particular
shape as shown (see [3, 53] and references therein, for the
redshift evolution for other channels). The cosmic evo-
lution and disruption of GCs increases the present-day
merger rates by a factor ∼ 2 in comparison to isolated
clusters (see Fig. 1). The redshift evolution of the merger
rates carries information on the cosmic history of GCs.
Thus, measuring the redshift evolution of the rates will
represent an observation probe of GC formation, their
initial numbers in the Universe and their evolution across
cosmic time. With a sufficiently large sample of mergers
the relative contribution of intergalactic GCs [54, 55] may
be distinguished from GCs evolving in galaxies. Future
instruments such as the Voyager, Einstein Telescope, or
Cosmic Explorer will make this endeavor more feasible
[52, 56].
We conclude that GW detectors have the potential
to provide a view on the evolution of faint GCs which
are practically invisible to electromagnetic observatories.
This may have far reaching implications in the theory
of galaxy formation, possibly leading to the understand-
ing of the theory of GC formation and the origin of the
empirical correlations between the number of GCs, their
host SMBH, and dark matter halos [57].
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